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Abstract

:

Masson pine (Pinus massoniana Lamb.) samples were heat-treated at different treatment temperatures (150, 170, and 190 °C), and the nano-mechanical properties of the wood cell wall, which was coated with a waterborne polyacrylic (WPA) lacquer product, were compared. The elastic modulus (Er) and hardness (H) of wood cell wall and the coating were measured and characterized by nanoindentation, and the influencing factors of mechanical properties during thermal modification were investigated by chemical composition analysis, contact angle analysis, and colorimetric analysis. The results showed that with the increase in the heat treatment temperature, the contact angle of the water on the wood’s surface and the colorimetric difference increased, while the content of the cellulose and hemicelluloses decreased. After thermal modification of 190 °C, the Er and H of the wood cell wall increased by 13.9% and 17.6%, respectively, and the Er and H of the WPA coating applied to the wood decreased by 12.1% and 22.2%. The Er and H of the interface between the coating and wood were lower than those near the coating’s surface. The Er and H of the cell wall at the interface between the coating and wood were lower than those far away from the coating. This study was of great significance for understanding the binding mechanism between coating and wood cell walls and improving the finishing technology of the wood materials after thermal modification.
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1. Introduction


Due to the fact of long-term exposure to external influences, such as water, heat, ultraviolet radiation, or mechanical stress, the properties of wood degrade easily [1,2]. There is no doubt that improving the mechanical properties and reducing the moisture absorption of wood is of great significance for improving the utilization rate of wood [3,4,5,6,7]. The reduction of water adsorption is the key factor to improving the durability of wood products [8]. Cellulose and hemicelluloses contain large amounts of hydroxyl, which makes wood hydrophilic [9]. Therefore, the extraction of cellulose and hemicelluloses can improve the properties of water-resistance wood [9,10]. Thermal modification refers to the heat treatment of wood in steam, air, inert gas, water, or oil, that is, through thermal decomposition of the internal physical and chemical compositions, the growth stress and drying stress of wood can be removed [9,11,12]. In the process of modification, acetic acid is released due to the hydrolysis of hemicellulose. Because crystalline cellulose is more stable, the acetic acid can induce the polymerization of cellulose, which improves the crystallinity of cellulose [13,14]. Stanzl-Tschegg et al. [15] used nanoindentation to investigate the properties of hardness in the longitudinal direction of beech wood with thermal modification. Wang et al. [16] evaluated the effects of thermal modification on the physical, chemical, and micromechanical properties of Masson pine wood. The results showed that the relative content of lignin and crystallinity increased with the increase of the temperature and time of heat treatment, and the hardness (H) and elastic modulus (Er) increased with the increase of the creep ratio decrement of cell walls (CWs).



There are two methods for improving the mechanical properties of wood, namely, increasing the density of wood or filling the lumen of wood cells [17]. The coating, which can fill the lumen of wood cells, plays an important role in endowing wood with function and isolating it from the outside world [1,18,19,20]. So, it is widely applied to protect the wood and extend its service life. Nanoindentation is a very powerful tool to study the correlation between microstructure and mechanics [21,22]. Jiang et al. [23] once used nanoindentation to investigate the mechanical properties of the paint films of wood flooring. The advantage is that the mechanical properties of materials that are closer to the nanoscale can be measured directly [24,25]. The effects of multilayer waterborne polyacrylic coatings on the mechanical properties of the cell walls of southern pine were studied by nanoindentation in a previous study of our research group [26]. It was found that the mechanical properties of the cell walls decreased because the dispersant of the coating penetrated the cell wall. The Er and H of the coating increased with the decrease in the distance between the indentation point and the wood surface. Intact cell walls adjacent to or far from the coating represented higher Er and H.



Masson pine (Pinus massoniana Lamb.) is the main timber tree in the south of China and has a high economic value. Due to the fact of its poor dimensional stability and durability, heat treatment or finishing treatment for Masson pine can improve some of its properties and enlarge its application in papermaking, rubber, coating, paint, adhesives, and other industries [26]. Hamiyet Sahin [27] heat-treated pine (Pinus nigra Arnold.) and fir (Abies bornmülleriana Mattf.) and found a decrease in the modulus of rupture, modulus of elasticity in bending, and impact bending strength. Gurleyen et al. [28] and Ayata et al. [29] studied the effect of thermal modification on oak wood with different coatings, and the results showed that the lightness, adhesion strength, and hardness decreased with the intensity of the treatment. It showed that heat treatment affected the binding mechanism of the wood’s surface and coating. To better understand this degradation of the properties of the wood or the coating after heat treatment, in this experiment, wood samples of Masson pine (Pinus massoniana Lamb.) were modified at different temperatures and then coated with a waterborne polyacrylic lacquer product (WPA) to compare the effects of temperature on the mechanical properties of CWs and the coating layer. Heat treatment is a technologically advanced process involving three variables: heat, pressure, and water [30]. The degree of thermal degradation of wood depends largely on temperature and exposure time [2,11,31,32]. Too high of a heat treatment temperature will lead to the decline in the mechanical properties of the wood [14,33]. The reduction in mechanical properties greatly affects the application range of thermal modification. Therefore, a moderate range from 150 to 190 °C was selected for the heat treatment of the wood. A chemical composition analysis, contact angle test, chromaticity analysis, and nanoindentation test were used to explore how thermal modification affects the chemical and mechanical properties of CWs and the binding mechanism between the coating and CWs.




2. Materials and Methods


2.1. Materials


The Masson pine (Pinus massoniana Lamb.) cut around the same latewood growth ring from the sapwood was from Fujian, China. The wood samples with a moisture content (MC) of ≈12% were 20 mm in length, width, and height, and they were kept at 65 ± 3% relative humidity (RH) at 20 ± 2 °C. The waterborne polyacrylic (WPA) lacquer product which contained alkyl propanols, ethylene glycol ethers, and 1-methyl-2-pyrrolidinone was purchased from the Upper Saddle River, NJ, USA. The solids content, pH value, and the viscosity at 25 °C of the coating were 30%, 6 and 570 MPa·s, respectively.




2.2. Thermal Modification


The Masson pine wood samples were oven-dried at 80 °C to gain weight constancy. Then the dried samples were divided into four treatment groups including a group without thermal modification and three groups of different treatment temperatures. The three groups were treated under atmospheric pressure in an oven (Thermo Scientific, Asheville, NC, USA) with N2-flow of 20 mL·min−1 at 150, 170, and 190 °C for 2 h [32]. The wood samples after thermal modification were then cooled down to room temperature inside the conditioning chamber and sustained at 20 °C and 65% RH.




2.3. Coating Process


The surface of the samples were first smoothed by employing a microtome and then coated along the grain direction. Then, the samples were air-dried for two hours. The surface of the samples were sanded with 220 grit sandpaper for the preparation of the second application. The construction method of the second and third layers was the same as the finishing method of the first layer. Finally, all coated samples were stored in a sterile environment where the relative temperature was 20 °C and the humidity was 30%. By comparing the thickness of the coating sample with that of the original wood, the coating thickness was calculated as 80 µm. The preparation of TMWs was shown in Figure 1.




2.4. Chemical Composition


The powders for the control and thermally modified woods (TMWs) were prepared for analysis. The National Renewable Energy Laboratory (NREL) method was used to compare the corresponding sample characteristics under different treatment temperatures. The main components of the wood were analyzed qualitatively and quantitatively through via testing for three elements (i.e., lignin, cellulose, and hemicellulose). The chemical reagents used above were supplied by Jiuyi chemicals, Shanghai, China.




2.5. Contact Angle Test


The contact angle of water on the longitudinal direction of the four sample groups was measured by a Theta t200 Optical contact goniometer (Sweden Biotin Technology Co. Ltd., Gothenburg, Sweden). After being dried at 40 °C for 2 h, the samples, which were stored at a room temperature of 20 °C, were placed on the loading platform. Approximately 2 µL of deionized water was dripped onto the surface of the samples under test. The sample was tested three times in parallel at different locations.




2.6. Colorimetric Analysis


The chromaticity was conducted by RM200-PT01 Imaging colorimeter (Xintaike Instruments, Beijing, China). The Standard D65 light was used and the angle of the light was 0°. According to the colorimetric system of L* a * b*, the surfaces of the samples were tested at different locations ten times, and the average value was calculated. The instrument’s chromaticity was calibrated before each test. The samples after thermal modification were kept at room temperature and the relative humidity was 65%. The values of the color difference test for the samples are respectively expressed by three parameters L*, a*, and b*. Chroma value and chroma difference value are calculated according to the following formula:


  Δ  a t  * =  a t  * −  a 0  *  



(1)






  Δ  b t  * =  b t  * −  b 0  *  



(2)






  Δ  E *  =      (  Δ  L t  *  )   2  +    (  Δ  a t  *  )   2  +    (  Δ  b t  *  )   2     



(3)




where L0*, a0*, b0* represent the chromaticity values of the original samples, and Lt*, at*, bt* represent the chromaticity values of the samples after heat treatment, respectively.




2.7. Nanoindentation (NI)


Before nanoindentation, all samples were stored in a sterile environment where the temperature and relative humidities were 20 °C and 50 ± 3%. To reduce the average roughness of the coated wood samples, the samples with a size of 5 mm (long) × 5 mm (wide) × 10 mm (thick) were polished with a diamond knife (Micro Star Inc., TX, USA) combined with ultramicrotomy (Leica Microsystems Inc., Buffalo Grove, IL, USA). According to the methods of Wang [32], nanoindentation was carried out on a Hysitron TriboIndenter system (Hysitron Inc., Minneapolis, MN, USA) with a scanning probe microscopy (SPM) and a Berkovich indenter. The Er and H of the CWs of the samples of the same growth ring were measured. The Er and H of the coating were measured on the coating that was applied to the TMW. With load application for 5 s, holding time for 5 s, and unload time for 5 s, the S2 layer was indented under the open-loop mode of the three-stage load ramp, and the peak load was 400 µN. As can be seen in Figure 2, the SPM images were attached to ensure the quality of indents. As shown in Figure 2A, to ensure the reliability of the experiment, six to ten indents were analyzed for the coating or CWs of each sample, which were all located in valid areas [34]. Figure 2A shows the indents on the coating layer. As shown in Figure 2B, the CWs of type I refer to the broken cell wall at the coating layer, and the coating of type I refers to the coating penetrated in the cell wall of type I. As shown in Figure 2C, the cell wall of type II refers to the intact cell wall close to the coating layer. Figure 2D shows the indents on the CWs of type III, which represents the intact cell wall far away from the coating layer. The coating far away from the CWs is named C; The coating penetrated into the CWs of type I is called I-C; The CWs of type I is named I-W; The coating penetrated in the CWs of type II is named II-C; The CWs of type II is named II-W; The CWs of type III is named III-W.



According to the method of Oliver and Pharr (1992) [35], the Er and H were calculated as follows:


   E r  =    π    2 β    S   A     



(4)






  H =    P  max      A  h c      



(5)




where S is initial unloading stiffness, and β is a correction factor whose value is equal to 1.034. Pmax refers to the peak load, A refers to the projected contact area, and Ahc is the representation of the projected contact area at peak load. The H impression of the SPM images shows that the shape of the indentation was not strictly triangular, and that the edges on both sides of the indentation pit had different shapes. This was because the substrate-induced enhancement of the pileup increased the indentation contact area [35,36]. In addition, due to the structural compliance issues inherent in CWs, when the indentation is close to the interface between the wood and the coating, the edge effects will also affect the measurement of Er and H [37,38].





3. Results and Discussion


3.1. Chemical Composition


Figure 3 illustrates the changes in the main chemical components of Masson pine wood as a function of temperature. As can be seen from Figure 3, the content of cellulose increased and then decreased during the process of thermal modification. Moreover, the hemicellulose of wood decreased after thermal modification, while the content of lignin increased with the increase in the temperature of thermal modification. Compared with the CWs of the untreated wood, the content of cellulose and hemicellulose of TMWs decreased by 7.1% and 27.7%, respectively. When the temperature of thermal modification was 190 °C, owing to the decrease in the ratio of the cellulose and hemicellulose, the content of lignin reached the highest, accounting for 29.5%. This was because the thermal modification caused the degradation of cellulose and hemicellulose. The condensation reaction of lignin also took place with the increase in hemicellulose pyrolysis products (depolymerization) used for polymerization of lignin when the thermal decomposition temperature increased to 190 °C [13,39].




3.2. Contact Angle of Water (CA)


There are a large number of hydroxyl groups in cellulose and hemicelluloses, which endow wood with hydrophilic properties [40,41]. Heat treatment can reduce the moisture absorption of wood [42]. As shown in Figure 4, the contact angle of the water (CA) on the surface of TMW was greater than that of the untreated wood. With the increase in temperature, the CA on the surface of TMW increased gradually. This was because the thermal modification led to the degradation of hemicelluloses, contributing to the decrease in the free hydrophilic hydroxyl group inside the wood, which reduced the water absorption of the wood and endowed the wood with certain hydrophobic properties [43,44,45,46].




3.3. Colorimetric Analysis


As shown in Table 1, the value of L*, a*, Δa*, and ΔE* of wood presented an upward trend with the increase of temperature, while the value of b* and Δb* first rose and then fell with the increase in temperature. When the treatment temperature was 190 °C, the colorimetric difference between TMWs and the untreated wood was the largest, and the color of treated wood became darker and redder. This phenomenon was due to the fact that during the process of thermal modification with the evaporation of water, the extractives inside the wood migrated to the surface of the wood and occurred oxidation. At the same time, the degradation of hemicellulose led to the production of more chromophoric groups such as carboxyl groups. In addition, the relative content of lignin increased, which was accompanied by the generation of condensation reaction to produce quinone substances. These factors worked together to cause the darker tendency of the color of treated wood. Figure 5 illustrates the colorimetric difference of a* and b* of the untreated wood and TMWs. It can be seen that when the treatment temperature was 150 °C and 190 °C, the colorimetric difference changed sharply, while when the temperature was 170 °C, the colorimetric difference changed gently. This was since the oxidation of the extractives or the degradation of hemicellulose were insignificant between 150 °C and 170 °C and did not have a significant effect on the colorimetric difference.




3.4. Nanoindentation (NI)


Environmental factors, such as temperature or humidity, will exert pressure on the coating, affecting its elastic modulus and hardness [47,48]. Figure 6 demonstrates the effect of thermal modification on the mechanical properties of the coating layer on the surface of the wood. The reduced elastic modulus (Er) and hardness (H) of the coating applied to TMWs were lower than those of untreated ones. When the temperature of thermal modification was 190 °C, the Er and H of the coating were 1.96 GPa and 0.07 GPa, which decreased by 12.1% and 22.2%, respectively, compared with the untreated wood. The Er and H of the coating decreased with the increase in the temperature of thermal modification. From 150 °C to 190 °C, the Er and H of the coating decreased by 7.1% and 12.5%, respectively. This indicated that thermal modification of wood had a negative effect on the mechanical properties of the coating applied to TMWs and became worse with the increase in temperature of thermal modification. This was because wood extraction had a positive effect on the coating while the thermal modification reduced the content of wood extraction [49,50]. The components of the lower molecular weight of the coating embedded the CWs of TMWs after being coated, and the resin interacted with the extractions in the cell wall ultimately leading to the difference in mechanical properties.



As shown in Figure 7, the Er and H of the untreated wood were 15.8 GPa and 0.34 GPa, respectively. With the increase in the temperature of thermal modification, the Er and H of the cell wall were enhanced, which increased from 15.8 GPa to 18 GPa and the hardness increased from 0.38 GPa to 0.4 GPa, respectively. After thermal modification of 190 °C, the Er and H increased by 14.0% and 17.6% compared with the control. In the process of thermal modification, the lignin condensation via cross-linking reactions with furfural set free from hemicelluloses, which may have contributed to the increase in the cellulose crystallinity index of the wood [51]. In addition, it is possible that the cross-linking reaction between CWs and the molecules of the coating also played an important role in improving the Er and H of CWs [49,50].



Figure 8 illustrates the Er of the coating and cell walls at different locations of the natural wood and on the cross-sections of TMW samples. It was obvious that the Er of the coating was much smaller than that of the cell wall in both the natural wood and the TMW samples. The Er of the coating layer on the natural wood and the surfaces of TMWs were both lower than those in CWs type I (I-W) and CWs type II (II-W). The Er of the coating of TMW In-I (I-C) decreased the most compared with natural wood, which dropped from 2.57 GPa to 2.03 GPa. The Er of CWs on type I (I-C) and type II (II-C) were both lower than that on type III (III-C). The Er of TMW On-III (III-C) decreased the most when compared with the natural one, dropping from 19.06 GPa to 17.03 GPa. This was because the dispersant (ethylene glycol ethers) in the coating penetrated the cell wall [52,53,54]. This made the hydrogen bonds between the microfilaments break more easily, resulting in the reduction of mechanical properties of the TMWs. Similarly, the extractions in CWs have a promoting effect on the binding strength of the wood and the coating. With the rise in the temperature of heat treatment, the extractions experienced a decrease, and the connection between wood cell walls and resin weakened, leading to the decline in mechanical properties.



As shown in Figure 9, the H of the coating was significantly lower than that of the CWs in both natural wood and TMWs. The resin used in the waterborne polyacrylic lacquer was synthesized with water as the carrier, and the coating contained a large number of hydrophilic groups, so it also had the defects of poor resistance to water and low hardness [55,56]. After thermal modification, the H of the coating decreased, while the H of the CWs increased. This was due to the different evaporation rates of dispersants during the curing process of coating. The evaporation rate of the coating surface was greater than that of the interior. As a result, along with the thickness of the coating, the coating that was closer to the wood had a higher hardness. On the contrary, the CWs on type III (III-C) possessed higher hardness, reaching 0.43 GPa, which was the effect of the weakened flexible connection of the CWs.





4. Conclusions


The mechanical properties of the wood after thermal modification and finishing were studied by nanoindentation, which is beneficial to improve the wood treatment technology and the properties of thermal modification wood. It was found that with the increase in the temperature of thermal modification, the content of cellulose and hemicelluloses in the wood’s cell walls decreased by 7.1% and 27.7%, respectively, and the content of lignin increased by 3.9%. The color of wood became darker and the contact angle of water on the wood surface increased. Thermal modification with temperatures ranging from 150 to 190 °C has the potential to increase the hardness of CWs. The Er and H of the CWs with the penetration of WPA were lower than those of intact cell walls, which were far away from the coating layer, indicating that the embedding of WPA harmed the mechanical properties of wood.
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Figure 1. Schematic diagram of the preparation of the sample. Thermally modified woods (TMWs). 
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Figure 2. Scanning probe microscopy (SPM) images of test locations and the indents after characterization by nanoindentation: (A) indents on the coating layer; (B) indents on I-C and I-W; (C) indents on II-C and II-W; (D) indents on III-W. 
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Figure 3. Main chemical components of Masson pine wood as a function of temperature. 
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Figure 4. Contact angle analysis of Masson pine wood as a function of temperature. 
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Figure 5. Colorimetric difference analysis of Masson pine wood as a function of temperature (The x-coordinate: Δa*; the y-coordinate: Δb*). 
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Figure 6. Effects of thermal modification on the Er and H of the coating. 
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Figure 7. Effects of thermal modification on the Er and H of the cell wall. 
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Figure 8. Er of the coating and cell walls at different locations at the sample cross-section. 
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Figure 9. The hardness of the coating and cell walls at different locations at the sample cross-section. 
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Table 1. Colorimetric analysis of Masson pine wood as a function of temperature. (L*, a*, b* represent the lightness index, the red-green axis index, and the yellow-blue axis index, repectively; ΔL* represents lightness difference, Δa* and Δb* represent color index difference, ΔE* represents overall color difference).
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	Temperature
	L*
	a*
	b*
	ΔL*
	Δa*
	Δb*
	ΔE*





	Control
	81.2
	10.0
	36.0
	-
	-
	-
	-



	150 °C
	75.6
	13.6
	38.4
	−5.6
	3.6
	2.4
	7.1



	170 °C
	74.4
	14.1
	37.2
	−6.8
	4.1
	1.2
	8.0



	190 °C
	66.6
	15.1
	33.0
	−14.6
	5.1
	−3
	15.7
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